Background: The incidence of oropharyngeal and oral tongue cancers has increased over the last 20 years which parallels increased use of marijuana among individuals born after 1950.
Introduction
Head and neck squamous cell carcinomas (HNSCC), which include cancers of the oral cavity, oropharynx, and larynx, are the sixth most common cancers worldwide with an estimated annual burden of 3,55,000 deaths and 6,33,000 incident cases (1) . In addition to traditional risk factors, such as tobacco and alcohol use, human papillomavirus (HPV) infection has recently been established as a major etiologic factor for a subset of HNSCC-cancers arising from the oropharynx, including the base of tongue, tonsil, and other parts of the pharynx (2) . The incidence of a majority of head and neck cancer subsets (i.e., cancers of lip, oral cavity, larynx, hypopharynx, and nasopharynx) has declined significantly during the past 2 decades in the United States and other developed countries, largely due to declines in cigarette smoking (3, 4) . In contrast to this overall pattern, the incidence of oropharyngeal and oral tongue cancers has significantly increased during the same period, especially among individuals less than 45 years of age (4) (5) (6) . While increases in oropharyngeal cancer incidence are attributed to increased acquisition of oral HPV through changes in sexual behaviors among recent birth cohorts (7), the reasons underlying increasing oral tongue cancer incidence are largely unknown. Notably, HPV infection is not currently believed to play a major role in the etiology of oral tongue cancers (8) .
Marijuana use has significantly increased among individuals born after 1950 (9, 10) , raising the hypothesis of a role of marijuana use as a risk factor for oropharyngeal and oral tongue cancer development (11) . A recent case-control study reported that marijuana use was strongly associated with increased risk of HPV-positive oropharyngeal cancer (12) . Conversely, a case-control study of HNSCC demonstrated an inverse association of marijuana use on cancers of the oral cavity (13) . However, epidemiologic studies that have examined the association of marijuana use with HNSCCs have been inconsistent (14) (15) (16) (17) (18) (19) (20) .
We therefore investigated the association of marijuana use with risk of oropharyngeal and oral tongue cancers in a large pooled analysis consisting of 9 case-control studies that were part of the International Head and Neck Cancer Epidemiology (INHANCE) consortium.
Materials and Methods

Subject inclusion and cancer site classification
The INHANCE pooled data (version 1.4) used in this study included nine case-control studies containing information on marijuana use comprising 2,395 cases (2,002 oropharyngeal and 393 oral tongue) and 7,798 controls. After subjects in these nine studies with data missing on age, sex, race/ethnicity, tobacco use, alcohol use, and marijuana use (70 cases and 159 controls) were excluded, there were 2,325 cases and 7,639 controls. Tumor sites were classified using the International Classification of Diseases for Oncology second edition (ICD-02). Oropharyngeal cancer outcomes included tumors of the oropharynx (C10.0-C10.9), base of tongue (C0. 19) , tonsils (C09.0-C09.9, C02.4), soft palate (C05.1), and uvula (C05.2). Oral tongue cancer included tumors of the dorsal surface (C02.0), border (C02.1), and ventral surface (C02.2) of the tongue. All tumors were restricted to squamous cell carcinomas (SCC) using histologic codes provided by the ICD-02 (8050-8084). Of the 2,325 cases, 2,286 (98%) were SCC (1,921 oropharynx and 365 oral tongue). Because of the small number of cases (n < 25 cases), Baltimore (HOT-SPOT), Los Angeles, North Carolina (2002) (2003) (2004) (2005) (2006) and Tampa sites were dropped from oral tongue cancer analyses leaving 356 oral tongue cases and 4,321 controls for these analyses.
Characteristics of the individual studies included in the pooled data are presented in Supplementary Table S1 questionnaires Individual-level data from each study were standardized as previously described (15) . Anonymized data from individual studies were pooled, each data item was checked for illogical or missing values, and inconsistencies were resolved by local site (21).
Marijuana exposure measurement
All studies included in this analysis collected data on lifetime marijuana use from cases and controls, including duration of use and frequency of use. Four of the studies [Houston, Tampa, and Seattle-LEO (Vaughan), and Baltimore (HOTSPOT)] asked each subject to report the average frequency of marijuana use over their lifetime, whereas the remaining five studies [Seattle (1985 [Seattle ( -1995 ; Schwartz), Latin America, Boston, Los Angeles, and North Carolina (2002) (2003) (2004) (2005) (2006) ] obtained information about marijuana use during different periods of the subject's lifetime. For these later five studies, the lifetime average frequency of marijuana use was calculated by weighting the frequency of each specific period by the duration of that period relative to the total years of marijuana use. For analysis, marijuana use was defined as ever/never, frequency of use per week (never, >0-3, >3 joints/week) and duration of use (never, >0-10, >10 years). Finally, a "jointyear" variable was created as a measure of cumulative marijuana exposure and defined as the number of joints per day multiplied by the duration of marijuana use in years and was categorized into a priori categories (never, >0-1 joint-years vs. 2-10 joint-years vs. >10 joint-years). Four out of the nine studies [Latin America, Tampa, Los Angeles, and North Carolina (2002) (2003) (2004) (2005) (2006) ] defined marijuana use specifically as smoking marijuana, whereas the remaining five studies defined marijuana use in any form.
Tobacco consumption
All studies collected information on tobacco use including ever vs. never use of cigarettes and cigars/pipes. In six of nine studies [Seattle (1985 [Seattle ( -1995 
Alcohol consumption
Alcohol consumption was defined as ever versus never for all studies. Ever use of alcohol was defined as either greater than four or more drinks in a year [Seattle (1985 [Seattle ( -1995 and Baltimore (HOTSPOT)], greater than or equal to one drink per week for one year or more (Tampa and Houston), greater than either one (Latin America), or four drinks per month [North Carolina (2002 ], or ever consumed in a lifetime (Boston). Total alcohol consumption (i.e., alcohol-years) was calculated as the total volume of pure ethanol consumed from beer, wine, and liquor multiplied by the age of initiation and cessation (i.e., duration; ref. 22) . Total alcohol consumption was treated as a continuous variable in all analyses.
Statistical analysis
ORs and 95% confidence intervals (95% CI) were estimated using logistic regression to assess the association between marijuana use and oropharyngeal and oral tongue cancer diagnosis. Given that all the case-control studies included in this analysis utilize incident cases derived from open and dynamic populations, the ORs estimated in this study approximates the relative risk. To control for heterogeneity in effects across study, study indicator was included as a random effects intercept term in all regression models. We tested for heterogeneity across study using a log likelihood ratio test for the goodness of fit of the model with and without a product term for marijuana use and study. Furthermore, we quantified the among-study variability of the association of ever marijuana use with both cancer outcomes by estimating the population effects interval (PEI) which is derived from the point estimate of the association and the T 2 estimated from meta-regression analysis (calculated as the ORs for the association of ever marijuana use with each cancer outcome plus or minus 1.96 times the square root of the estimate of T 2 ). Regression models were adjusted for age (continuous), sex, education (none, <junior high, some high school, high school graduate, vocational, some college, !college, missing), race/ethnicity (White non-Hispanic, Black, Hispanic, Asian, Other, Latin American), pack-years of cigarette smoking (continuous), ever pipe/cigar smoking (ever, never), and intensity of alcohol drinking (continuous). The Tampa study was excluded from analyses on duration and frequency of marijuana use because there were insufficient cases and controls in each category of marijuana use.
For subjects with missing data on education level (82 cases and 255 controls), multiple imputation analysis was performed. Logistic regression was used to predict education level using age, sex, race/ethnicity, study, and casecontrol status. Five imputations were created and a summary estimate for the association of marijuana use and cancer outcomes was calculated using logistic regression using the MI ESTIMATE command in STATA. Analysis excluding individuals with missing educational status demonstrated similar associations of marijuana use with cancer (data not shown).
Subgroup analyses
Tobacco and alcohol use is a recognized risk factor for both oropharyngeal and oral tongue cancers and is strongly correlated with marijuana use (23, 24) . Therefore, subgroup analyses were performed to further assess the presence of residual confounding by smoking status by restricting the study sample to never tobacco users/never drinkers. Given the relatively small number of oral tongue cancer cases who were non-smoker non-drinker, light smokers and light drinkers were categorized as never tobacco users/never drinkers for this analysis. The potential multiplicative interaction of tobacco and alcohol use on the association of marijuana use and cancer outcomes were compared by the inclusion of a product term of marijuana use and tobacco/alcohol use in the logistic regression model to estimate the ratio of ORs (ROR). In addition, the additive interaction of tobacco and alcohol use on the association of marijuana use with cancer outcomes was also tested through estimation of the Relative Excess Risk due to Interaction (RERI) using a generalized linear model (25) .
Because sexual behaviors (which increase the likelihood of HPV exposure) and marijuana use could be highly correlated, we conducted two separate analyses to evaluate the potential confounding effects of HPV on the observed associations of marijuana use with risk of oropharyngeal cancer. First, analyses were stratified by HPV 16 L1 serologic status. Data on HPV L1 antibodies were available in four studies: Boston, Latin America, Houston, and Seattle (1985 -1995 . Second, given the absence of either detailed information on oral sexual behaviors or oral HPV status in a majority of studies, we utilized external information to indirectly adjust the marijuana-oropharyngeal cancer association for confounding by HPV using the methods described by Steenland and Greenland (ref. 26 ; see Statistical Appendix). These analyses utilized external information on the association of marijuana use with oral HPV prevalence (derived from the NHANES 2009/2010 study: prevalence among never-users (4%), the association of current marijuana use and oral HPV infection (OR, 2.87; 95% CI, 1.85-4.46), and the association of oral HPV infection with oropharyngeal cancer risk [derived from the literature: (OR, 12.3; 95% CI, 5.4-26.4) to calculate a bias factor (27, 28) . The observed marijuana-oropharyngeal cancer association was then divided by the bias factor to estimate an adjusted OR which accounted for confounding by HPV.
The studies included in this analysis primarily collected information on marijuana use using interviewer or selfadministered questionnaires. Therefore, differential misclassification of the reporting of marijuana use between cancer cases and controls is a possibility. To estimate the potential effect of reporting bias, simple probabilistic sensitivity analyses were conducted based on methods previously described (29, 30) . Sensitivity and specificity estimates used in this analysis were derived from the literature on misreporting of marijuana use in a variety of populations (31, 32) .
Results
Oropharyngeal cancer
Study sample characteristics. There were 1,921 oropharyngeal cancer cases from nine studies with the majority from Houston (20.3%), Latin America (19.9%), North Carolina (17.9%), and Boston (11.9%; Table 1 ). Compared with controls, oropharyngeal cancer cases were more likely to be male (80.4% vs. 69.2%) and White non-Hispanic (69.5% vs. 65.1%). Oropharyngeal cancer cases were more likely than controls to ever use tobacco products (79.7% vs. 62.1%) or alcohol (87.7% vs. 74.4%). Finally, oropharyngeal cancer cases were more likely than controls to report more than 50 pack-years of cigarette smoking (24.2% vs. 10.9%) and more than 60 drink-years of alcohol use (46.3% vs. 22.9%).
Association of marijuana use and oropharyngeal cancer. Ever smoking marijuana was reported by 21% of oropharyngeal cancer cases compared with 15% of controls (Table 2) . After adjusting for demographic factors, tobacco, and alcohol use, the risk of oropharyngeal cancer was significantly elevated among ever marijuana users (aOR, 1.24; 95% CI, 1.06-1.47]; P ¼ 0.009). Similarly, the risk of oropharyngeal cancer was significantly elevated among those with higher frequency of marijuana use (P trend ¼ 0.046), and longer duration of marijuana use (P trend ¼ 0.031). The risk of oropharyngeal cancer remained elevated among longer duration marijuana users when duration of use was treated as a continuous variable on either an absolute (P ¼ 0.003) and log-transformed (P ¼ 0.024) scale as well as using category means (P ¼ 0.037; Supplementary Table S2 ). However, there was significant heterogeneity of these associations by studysite for ever-marijuana use (Fig. 1) .
Effect of tobacco/alcohol consumption on marijuanaoropharyngeal cancer association. The positive association of marijuana use and oropharyngeal cancer could potentially be explained by increased consumption of tobacco and alcohol, known risk factors for oropharyngeal cancer, among marijuana users as compared to non-users. However, marijuana use remained associated with an elevated risk of oropharyngeal cancer among both never-tobacco-smoker/never-drinkers (aOR, 2.11; 95% CI, 0.97-4.62) and ever-tobacco-smoker/ever-drinkers (aOR,1.47; 95% CI, 1.24-1.73; Table 3 ). There was no evidence of a statistical interaction of the effect of marijuana use on oropharyngeal cancer by smoking/drinking status on a multiplicative scale (ROR). However, the association of marijuana use with oropharyngeal cancer was marginally lower among ever smokers/drinkers as compared with never smokers/drinkers on a additive scale among those reporting marijuana use at a frequency of less than 3 times per week (RERI: À0.42; 95% CI,À0.79-À0.04) or among those with a cumulative use of 0-1 jointyears (RERI: À0.34; 95% CI, À0.67 À0.01).
Effect of HPV exposure status on marijuana-oropharyngeal cancer association. HPV 16 L1 antibody status was available in 4 of the 9 studies [Boston, Houston, Latin America, and Seattle Schwartz] making up 665 oropharyngeal cancer cases and 2,133 controls. The adjusted association of marijuana use with oropharyngeal cancer before considering HPV antibody status in these four studies was null (aOR, 0.89; 95% CI, 0.65-1.19). Additional adjustment of these 4 studies for HPV 16 L1 serostatus did not significantly alter the ORs (aOR, 0.87; 95% CI, 0.66-1.16). We nevertheless observed a significant interaction between ever marijuana use and HPV16 L1 antibody status (P interaction < 0.001). Among individuals seronegative for HPV16 L1 antibodies, ever marijuana use was associated with significantly decreased risk of oropharyngeal cancer (aOR, 0.54; 95% CI, 0.34-0.85). In contrast, among HPV16 seropositive individuals, ever marijuana use was positively, but not significantly, associated with oropharyngeal cancer (aOR, 1.19; 95% CI, 0.72-1.98; Supplementary Table S3 ). This qualitative difference in the OR was similar among those reporting 2-10 (P interaction ¼ 0.016) and >10 (P interaction ¼ 0.001) joint-years of marijuana use on a multiplicative scale. On an additive scale, the relative odds was significant higher among HPV 16 seropositive individuals only among ever marijuana users (RERI: 2.09; 95% CI, 0.86-3.32).
We then performed indirect adjustment of the OR for the association of ever marijuana use and oropharyngeal cancer diagnosis for confounding by oral HPV infection status (Table 4 ). These analyses indicated that, under plausible assumptions of the difference in oral HPV prevalence by marijuana use status and the association of HPV infection with oropharyngeal cancer risk, confounding by oral HPV infection could potentially explain the observed association of marijuana use with oropharyngeal cancer risk (OR indirect adjustment , 0.99; 95% CI, 0.71-1.25). Sensitivity analyses that corrected for differential misclassification in which there was greater under-reporting of marijuana exposure (reduced sensitivity) among cases strengthened the association with oropharyngeal cancer, whereas greater under-reporting among controls attenuated the association (Supplementary Table S4 ). In contrast, correction for non-differential misclassification resulted in a slight strengthening of the association of marijuana with oropharyngeal cancer.
Finally, analyses that excluded both base of tongue and tonsil cancers, subsets of oropharynx cancers that are strongly associated with HPV infection, resulted in an attenuation of the ORs and loss of statistical significance (OR ever vs. never , 0.98; 95% CI, 0.77-1.26).
Oral tongue cancer
Study sample characteristics. There were 356 oral tongue cancer cases from five studies with the majority from Houston (31.1%) and Seattle (Schwartz]; 25.9%; Table 1 ). As compared with controls, oral tongue cancer cases were more likely to be female (34.6% vs. 26.1%), White non-Hispanic (77.5% vs. 56.0%), and have some college education (30.4% vs. 21.3%) and slightly younger (55 vs. 57 years). Oral tongue cancer cases were more likely to ever use of tobacco products (73.9% vs. 65.2%) or alcohol (81.7% vs. 75.7%). Finally, oral tongue cancer cases were more likely than controls to report more than 50 pack-years of cigarette smoking (23.9% vs. 11.8%) and more than 60 drink-years of alcohol use (35.9.3% vs.
28.2%).
Association of marijuana use and oral tongue cancer. Ever marijuana use was reported among 7% of oral tongue cancer cases as compared with 10% of controls ( Table 2) . After adjustment for demographic factors, tobacco, and alcohol use, the risk of oral tongue cancer was significantly reduced (i.e., was more protective) among ever marijuana users (aOR, 0.47; 95% CI, 0.29-0.75; P ¼ 0.001). Similarly, the risk of oral tongue cancer was significantly reduced among those with higher frequency of marijuana use (P trend ¼ 0.005), longer duration of marijuana use (P trend ¼ 0.002), and higher cumulative joint-years of marijuana exposure (P trend ¼ 0.004). These associations remained significant when these exposure metrics were treated as continuous on either an absolute or logarithmic scale or defined on the basis of the means of the each category for each variable (Supplementary Table S2 ). The strength of the association of ever marijuana use and oral tongue cancer did not differ significantly by study site (P study ¼ 0.922; Fig. 1 ) and no single study had a significant impact on the directionality or strength of the association. The strong inverse association of marijuana use on oral tongue cancer was similar among never tobacco smokers and ever tobacco smokers/ever drinkers (Supplementary Table S5 ).
Sensitivity analyses that corrected for differential misclassification in which there was greater under-reporting of marijuana exposure (reduced sensitivity) among cases attenuated the association with oral tongue cancer, whereas greater under-reporting among controls strengthened the association (Supplementary Table S4 ). Correction for non-differential misclassification resulted in a slight attenuation of the association of marijuana with oral tongue cancer.
Discussion
The rising incidence of oropharyngeal and oral tongue cancers over the last 20 years has paralleled trends of increasing use of marijuana among individuals born after 1950 (4, 11, 33) . Therefore, we initially hypothesized that marijuana use could, in part, have contributed to the rising incidence of these cancers. Using pooled data from 9 casecontrol studies that contributed to the INHANCE consortium, we found evidence of a possible positive association of marijuana use with oropharyngeal cancer and a negative association with oral tongue cancer. Our findings of a positive association of marijuana use and oropharyngeal cancer while in agreement with two prior studies (12, 20) contrasts with findings from five studies that showed no association (14-16, 18, 19) . The possibility of a true association of marijuana use with oropharyngeal cancer risk was supported in the present study by the consistency of the observed associations with multiple measures of marijuana use including ever use, duration, and frequency of use and was unaffected across strata of smoking and drinking. However, the inconsistent association across studies in this pooled analysis combined with an attenuation in the association after adjustment for smoking and drinking make the effect of residual and unmeasured confounding highly plausible.
Differential exposure to HPV infection among marijuana smokers as compared with non-smokers could be one source of potential confounding to explain the association of marijuana use with oropharyngeal cancer, as marijuana users engage more frequently in risky sexual behaviors leading to higher rates of sexually transmitted infections (34, 35) . We had serologic information on HPV 16 from four studies. Unfortunately, the association of marijuana use and oropharyngeal cancer among these four studies was not representative of all the studies included in the pooled analysis, although stratified analyses among these four studies by HPV 16 L1 serostatus revealed a modest positive association of ever and long duration marijuana use oropharyngeal cancer among seropositive individuals. Therefore, we attempted to estimate the potential confounding effect of HPV on this association using plausible estimates of the association of HPV infection on oropharyngeal cancer risk as well as differences in oral HPV prevalence by marijuana usage. This approach revealed a substantial and nearly complete attenuation of the association of marijuana use with oropharyngeal cancer risk. Finally, the association of marijuana use appeared to be specific for those oropharyngeal cancers most likely to be HPV-associated: non-smoker/non-drinkers, and those with tonsil or base of tongue sites. These data suggest that the positive association of marijuana use and oropharyngeal cancer may be dependent on exposure to HPV. In lieu of more definitive information on tumor HPV infection status among cases and oral HPV infection status among cases and controls, the role of marijuana use as a potential risk factor in oropharyngeal cancer cannot be determined.
We observed that marijuana use was strongly inversely associated with oral tongue cancer specifically, which is similar to what has been reported previously among oral cavity cancers in general (9, 13, 15) . This association remained robust across all marijuana use metrics, was strengthened after adjustment for tobacco and alcohol use, and was consistent across the five studies that had sufficient numbers of cases. Given that a very small fraction of oral cavity cancers are attributed to HPV (8), it is not surprising that marijuana use remained strongly inversely associated with oral tongue cancer even after adjustment for HPV (data not shown). Finally, the inverse association appeared to be strongest amongst individuals less than 50 years of age, which are the same individuals that have the greatest observed per year increases in oral tongue cancer incidence (Supplementary Table S6) . Therefore, this association may reflect a true inverse association of marijuana use on oral tongue cancer.
The major bioactive cannabinoid compound found in marijuana smoke, D (9) -tetrahydrocannabinol [D (9) -THC], has been shown to have both pro-and anticarcinogenic capabilities. This cannabinoid functions primarily through engagement of specific cell surface receptors CB1, expressed on a range of cell types (36) and CB2 present primarily on a variety of immune cells, particularly those found in the human tonsil (37) . Engagement of these receptors on immune cells has been shown to suppress proinflammatory cytokine production and enhance anti-inflammatory cytokine production (38, 39) leading to reduced host immune responses to infectious agents as well as suppression of antitumor immunity (40) (41) (42) . Conversely, D (9) -THC has also been shown in epithelial cell lines to have distinct antitumor effects through arrest of uncontrolled cell growth, enhancement of apoptosis, and downregulation of angiogenesis and cellular migration (43) (44) (45) . As a result, this cannabinoid has been investigated as a potential therapeutic agent in the treatment of glioma, breast, and prostate cancers (46, 47) . Interestingly, the antitumor effect of this cannabinoid is mediated through the same CB1 and CB2 receptors. The effects of tetrahydrocannabinol [D (9) -THC] and other cannabinoids on modulating tumorigenesis may be cell-and tissue-specific based on receptor expression profiles. This may help explain the differing associations of marijuana smoke with oropharyngeal and oral tongue cancers. Finally, the presence of other carcinogenic compounds present in marijuana smoke may also play a role in driving the association.
Differences in the measurement of marijuana use, study sample recruitment, and measurement of demographic and other risk factors for HNSCC across the studies included in this analysis may have contributed to the heterogeneity observed across study sites. However, this heterogeneity was observed only for oropharyngeal cancer and not oral tongue cancer. Nevertheless, we included in our logistic regression models a random-effects term for each study to account for the heterogeneity of the association of marijuana use with oropharyngeal cancer outcomes. Furthermore, we acknowledge the possibility that misclassification in the measurement of marijuana use between cases and controls may explain some of these findings. Misclassification of marijuana exposure due to the use of selfadministered or interviewer administered questionnaires has been suggested previously to be significant source of error in the observed association with head and neck cancers (9) . Sensitivity analyses that modeled the effects of differential and nondifferential misclassification of marijuana exposure demonstrated that correction for misclassification did alter the strength of the association with each cancer outcome (Supplementary  Table S4 ). Therefore, it cannot be ruled out that either differential or nondifferential misreporting of marijuana exposure may explain the observed associations of marijuana use with oropharynx and oral tongue cancers. This pooled analysis of nine case-control studies conducted in the United States and Latin America is the largest to date to investigate the relationship of marijuana use specifically with cancers of the oropharynx and oral tongue. The differing associations of marijuana use on oropharyngeal and oral tongue cancers observed in this study provides some epidemiologic support for the biologic effect of cannabinoids as both a pro-and anticarcinogenic agent. However, given the strong association of HPV on orpoharyngeal cancer not measured in this study, the modest attenuated effect of marijuana on these caners may well be explained by confounding by HPV. Additional studies focusing on cannabinoid receptor expression profiles and downstream effector functions across cell types involved in tumorigenesis of these cancers may yield important etiologic information as to the role of marijuana on head and neck cancer risk. 
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